Cilia Biology: Stop Overeating Now! Knocking out primary cilia of adult mouse tissues or a specific subset of cilia from POMC-expressing neurons in the brain initiates uncontrolled eating. This behavior leads to obesity and kidney disease.
Peter Satir
For almost fifty years, it has been known that many mammalian cell types, including neurons, possess a single cilium, which is generally missing the central microtubule pair and the dynein arms essential for ciliary motility. These nonmotile, so-called 9+0 cilia were named 'primary cilia'. With considerable hubris, some cell biologists dismissed the primary cilia as vestigial. In recent years, however, these organelles have been implicated as sensory antennae -comparable to the 9+0 cilia found in sensory organs, such as the human eye or insect ears. From studies of the single celled alga Chlamydomonas, we have learned that virtually all cilia, including primary and sensory organ cilia, are built by a process called 'intraflagellar transport' (IFT) [1] . When one of the transport proteins, e.g. IFT88, or one of the transport motors, such as Kif3a, is missing, the cilia are not assembled and sensory signaling fails. The result is a syndrome of phenotypes caused by the failure of ciliary signaling, most probably because the membrane receptors or channels necessary for signaling cannot be properly placed in the ciliary membrane [2] . Mice lacking IFT88, the Tg737 gene product, were developed as a model for a form of polycystic kidney disease, but they also have eye, pancreas and liver disease, and they usually die before birth [3, 4] . When neuronal cilia are missing in mice, the hedgehog signaling pathway is affected, the nervous system does not develop properly and the result is also embryonic or neonatal lethality [5] .
To overcome this early lethality, Davenport et al. [6] , writing in a recent issue of Current Biology, studied the effect of knocking out primary cilia specifically in adult mice after development is complete. They accomplish this by using an inducible system to disrupt Tg737 or Kif3a-based intraflagellar transport, either generally or in specific tissues. This double pronged attack makes it likely that effects on pathways outside of ciliogenesis are not counfounding the observed effects. Surprisingly, when cilia were missing from all adult tissues, the devastating abnormalities and lethality seen after embryonic loss of cilia did not occur, and severe polycystic kidneys only developed a year after induction. A similar delay in cystic kidney disease development has been reported recently [7] after adult-specific knock-out of polycystin 1, a major ciliary signaling molecule in the disease. This effect may be due to a greatly reduced rate of cell division and a different pattern of gene expression [7] . Changes in cell proliferation rate may relegate the kidney cilium to a less immediate but over the long term perhaps still useful role in sensing fluid flow for maintenance of homeostasis.
The mice lacking adult cilia do have one prominent phenotype however [6] . They have an eating disorder -hyperphagia. If allowed to eat at will, they never stop eating and become obese. Previously, a number of links have been suggested between cilia function and obesity. Most importantly, obesity accompanies mutations in BBS proteins, which give rise to Bardet Biedl syndrome, a complex of disorders, most of which can be assigned to defects in ciliary signaling. BBS proteins are found within the cilium and are involved in intraflagellar transport [8, 9] . Similarly, obesity is a characteristic of other ciliopathic syndromes, including Carpenter syndrome, probably involving defects in ciliary hedgehog signaling [10] ; this had also indicated that neuronal ciliary development might be impaired. The adult knockout mice generated by Davenport et al. [6] provide remarkable new insights into this link, because the obesity phenotype can also be generated by knocking out in adult mice the cilia of a specific subset of hypothalamic neurons, the POMC neurons.
The obese knock-out mice develop elevated levels of leptin as well as elevated fasting serum glucose and insulin levels, similar to type II diabetes. In addition, they show mass lipid accumulation in the liver and weight increase of the kidney. All of these are secondary effects and they all disappear in knockout animals whose dietary intake is strictly limited. The ciliary effect is therefore almost solely behavioral.
Why does knockout of POMC cilia lead to obesity? POMC neurons are known to be critical regulators of feeding behavior in both mice and men [11] [12] [13] . The melanocortin peptides secreted by these neurons, in particular b-MSH, have been implicated in appetite regulation in humans. In addition, POMC knockout mice and human mutations or tumors that result in the removal of POMC neurons reproduce the symptoms of hyperphagia and obesity. As in the present case, leptin levels often become elevated, but this does not reverse the hyperphagia.
In the POMC neurons, leptin binds to its transmembrane receptor ObRb, activating a JAK-STAT signaling cascade [14] . Receptor phosphorylation and STAT3 activation are mediated by the kinase JAK2. Upon tyrosine phosphorylation, STAT3 dimerizes and translocates to the nucleus, where it eventually upregulates POMC peptide synthesis and downregulates eating behavior (Figure 1 ). The findings of Davenport et al. [6] raise the question if any of these signaling molecules, especially the leptin receptor itself, are located in the POMC primary cilium, as has been suggested for other signaling pathways. This is not yet known, but if so, such localization would provide an explanation of the POMC cilia knockout results.
However, there is a further interesting complication. The hypothalamic hormone somatostatin SST-14 is a negative regulator of leptin action [15] . Somatostatin reduces leptin induced STAT3 phosphorylation and nuclear translocation. While leptin leads to reduced eating, somatostatin increases eating behavior. A major receptor subspecies for SST-14 is sst-3. In some regions of the rat hypothalamus, perhaps in NPY/ AgRP neurons, but not in the POMC neurons, this receptor is localized at the primary cilium [16, 17] . It would be easy to explain the results of Davenport et al. [6] on POMC cilia knockout by activation of unsuppressed sst-3 signaling from adjacent NPY/AgRP neuronal cilia, but it might be not as easy to explain the phenotypes of the original knockdown of all adult cilia. Perhaps rat somatostatin receptors are localized differently from mice and humans. A Yin-Yang relationship (Figure 1 ) of leptin and sst-3 or perhaps another somatostatin receptor subspecies in the POMC cilium is an intriguing possibility, which would permit the cilium to play the critical role as thermostat in energy homeostasis.
With this report [6] , neuronal cilia move from the shadows into a prominent position as players in This model attempts to explain the effects of impaired cilia function in POMC neurons on satiety responses in mice. Food intake increases the serum levels of leptin, which binds to receptors (LR: leptin receptors) possibly located in the cilia of POMC neurons. This initiates a satiety response ('stop-eating behavior'), which in turn leads to an increase in somatostatin. NPY/AgRP neuronal ciliary receptors (SST3 receptors) respond to increased somatostatin, initiating a 'start-eating signal'. Knock-out of cilia breaks the thermostat in POMC neurons, such that although leptin levels increase as a response to eating, no stop-eating signal is generated. Changes in STAT3 localization and phosphorylation that control gene expression are indicated. Changes in receptor localization in and out of the cilium are speculative.
signaling pathways, not only during differentiation of the nervous system, but also in adult behavior, at least in those neuronal pathways leading to obesity and diabetes.
Prey have evolved myriad strategies to escape predation. Ground squirrels tailor their defensive signals to the predator at hand and use infrared warning signals in response to heat-sensitive rattlesnakes.
Rachel A. Page
Predator-prey dynamics are a fascinating world of arms races, one-upmanship, and stunning innovation. Predators evolve sophisticated measures to detect and locate prey; prey in turn outmaneuver them with even more sophisticated defense measures, and so the arms race goes [1] . In a recent study, Rundus et al. [2] found that ground squirrels are able to exploit the very sensory modality rattlesnakes use to hunt them: sensitivity to heat.
Rattlesnakes use infraredsensing pit organs to detect warm-blooded prey. While ground squirrels have evolved defensive proteins that partially neutralize snake venom [3] , their young are vulnerable until they too develop the proteins. Thus, adult ground squirrels go to considerable lengths to defend their young from snakes. If a snake is present they will harass it by throwing sand or pebbles, wagging their tails ('tail flagging'), approaching and sometimes even biting the offending snake. These behaviors are often effective and snakes are deterred [4] .
What was not known until now is that, in response to snakes that are heat-sensitive, ground squirrels add an infrared component to their tail-flagging display. In an elegant set of experiments, Rundus et al. [2] showed that rattlesnakes are more deterred by a ground squirrel that has a heated tail than to one that does not. Thus, ground squirrels have developed the ability to tailor their defensive displays to the sensory sensitivity of their predators. Thermal signaling has never been documented before. It is all the more extraordinary to find that ground squirrels are using this modality because they almost certainly cannot detect infrared themselves.
Using a thermal imaging camera, Rundus et al. [2] recorded ground squirrel responses to infraredsensitive rattlesnakes and to infrared-insensitive gopher snakes. Ground squirrels responded to both types of snake with tail-flagging displays, but they added an infrared component to the display in response to rattlesnakes, whereas their tails remained cool when signaling to gopher snakes (Figure 1 ). To quantify the rattlesnakes' response to tail flagging, the authors presented captive rattlesnakes with a robotic ground squirrel. This robot, built from a taxidermy mount of an actual ground squirrel, could tail flag both with and without heating its tail. Rattlesnakes showed defensive responses significantly more of the time when the robotic tail was heated, indicating that, indeed, rattlesnakes perceive and are deterred by the infrared component of the display.
How well a communication signal functions depends on its
